Lead is recognized worldwide as a poisonous metal. Thus, the determination of this element is often required in environmental, biological, food and geological samples. However, these analyses are difficult because such samples contain relatively low concentrations of lead, which fall below the detection limit of conventional analytical techniques such as flame atomic absorption spectrometry and inductively coupled plasma optical emission spectrometry. Several preconcentration procedures to determine lead have therefore been devised, involving separation techniques such as liquid-liquid extraction, solid phase extraction, coprecipitation and cloud point extraction. Citing 160 references, this paper offers a critical review of preconcentration procedures for determining lead using spectroanalytical techniques.
Introduction
The word lead derives from the Anglo-Saxon leaden, and the symbol Pb, from the Latin word for lead, Plumbum. Lead is by far the most abundant (13 ppm) heavy element in the earth's crust. It is one of the few metals that can be found in metallic form in nature (rather than in compounds that must be reduced to extract metal). Lead, a lustrous bluish-white metal, is very soft, highly malleable, ductile and a relatively poor conductor of electricity. It is highly corrosion resistant but tarnishes under exposure to air [1] [2] [3] [4] .
Lead is an ancient metal, having been known since before recorded history. It is one of the oldest metals known to man and is mentioned in the Old Testament. In Ancient Egypt (7000-5000 b.c.), lead was used in pottery glazing and the Hanging Gardens of Babylon were floored with lead slabs to guard against moisture. The Roman Empire used lead extensively for water pipes and plumbing, some of which is still in use today. The Romans also used lead to manufacture cooking utensils. Studies suggest that the Roman civilization fell largely as a result of widespread lead poisoning. This theory is supported by data showing high lead concentrations in the bones of ancient Romans. In the Middle Ages, the practice of "sweetening" wine with lead or lead acetate became a serious toxicological problem. In those days, the alchemists believed lead was the oldest metal and made innumerable attempts to transform it into gold [3] [4] [5] .
Our environment contains countless sources of lead, which is a natural component of soil, water, vegetation, animal life and air [6] [7] [8] [9] [10] . In the modern world, it is ubiquitous in food, water and air. Lead is now known to be a poison [5, 11] absorbed into the bloodstream, from where, especially in the case of inorganic lead, it is distributed to soft tissue, bones and teeth (95% in bones and teeth). Organic forms of lead are fat soluble and therefore have a particular tendency to concentrate in brain [12] .
The mechanism of absorption is not yet completely clear, but lead is believed to bind to oxo-groups in enzymes, affecting virtually every step in heme synthesis and porphyrin methabolism. It also inhibits acethylcholinesterase, acid phosphatase, ATPase, etc. Typical symptoms of lead poisoning are abdominal pain, anaemia, headaches and convulsions, chronic nephritis of the kidney, brain damage and central nervous-system disorders. Safe lead stripping from the body remains a major challenge. Due to the poisoning properties of lead, the industrialized countries have banned the use of lead in two practically universal forms-tetraethyl lead and lead-based paints for home use. Until recently, lead poisoning was diagnosed based on its symptoms; however, today it is diagnosed by analyzing its presence in blood using atomic absorption methods [1, 5, 6 ].
Lead determination

Atomic absorption spectrometry (AAS)
The determination of lead by flame atomic absorption spectrometry (FAAS) is practically free of interference and requires an air-acetylene flame [13] . The interference caused by aluminum and iron can be overcome by the addition of ascorbic acid, citric acid and EDTA [13] . The threshold of sensitivity of this technique is very low (LOD 0.01 mg L −1 ) and is often unsuitable for trace analysis [13] . In this sense, many preconcentration procedures must be performed to determine trace amounts of lead, as indicated in the tables shown here. The most important analytical lines of lead are 217.00 and 283.31 nm. The 217.00 nm line is more sensitive, notwithstanding the greater amount of background absorption effects [13] .
Electrothermal atomic absorption spectrometry (ETAAS) is a good alternative for determining trace amounts of lead in several types of samples in view of its good sensitivity [13] . However, in some cases, previous preconcentration and separation steps are carried out before analytical measurements by ETAAS.
The use of a modifier stabilizes lead, allowing for its determination without causing matrix effects. The Pd-Mg modifier is the one most commonly used, since it produces the best results. This modifier allows for the application of pyrolysis temperatures ranging from 1200 to 1400 • C, which enables the separation of most interfering elements [13] [14] [15] [16] [17] . The stabilizing effect of this modifier also raises the atomization temperature to 2000 • C, which allows a characteristic mass of about 16 pg [13] . Ammonium phosphate is another modifier frequently used for determining lead by ETAAS, allowing for an atomization temperature of 1600 • C and enabling a low characteristic mass of 12 pg [13, 18] .
Inductively coupled plasma optical emission spectrometry (ICP OES)
Inductively coupled plasma optical emission spectrometry is an analytical technique often employed to determine lead in various types of samples [19] . The main emission lines are: Pb II 220.353 nm, Pb I 216.999 nm and Pb I 283.306 nm, with 220.353 nm being the most sensitive. However, the low level of lead in many samples lies below the detection limit of this technique. Moreover, several types of spectral interference have been reported in the determination of lead by ICP OES. Virtually all photomultiplier-based ICP spectrometers use the Pb 220.353 nm analytical line, despite its severe background continuum and inter-element interference from Al 220.4 nm and background shift due to iron (Fe). Direct spectral overlap interference due to iron has also been found in the 216.9 and 283.9 nm analytical lines [20, 21] . Thus, preconcentration and separation procedures have been devised to allow trace amounts of lead to be determined in complex matrices using ICP OES. Several tables shown in this paper summarize the use of separation techniques such as liquid-liquid extraction, solid phase extraction, cloud point extraction and others, as pre-steps in determining lead using ICP OES.
Lead separation and preconcentration
Separation techniques such as coprecipitation [23, 50] , liquid-liquid extraction [57] [58] [59] [60] , solid phase extraction and more recently, cloud point extraction [139] [140] [141] [142] [143] [144] [145] [146] 150 ] and on-line coprecipitation using a knotted reac-tor [150] [151] [152] [153] [154] [155] [156] [157] [158] [159] [160] have been successfully employed to determine trace levels of lead. Each technique has its pros and cons and should be chosen according to the analytical problem.
Coprecipitation
Coprecipitation is one of the most efficient separation/enrichment techniques for trace heavy metal ions. The main requirement for this technique is that the collector should separate easily from the matrix solution. This can be done by filtering, centrifuging and washing of the precipitate. In addition, it is desirable that the collector should be a pure and readily available substance. The advantages of this technique are its simplicity and the fact that various analyte ions can be preconcentrated and separated simultaneously from the matrix. Inorganic or organic coprecipitants have been used as efficient collectors of trace elements. However, this process is slow and samples sometimes have to be kept over-night for complete coprecipitation [22] . This technique has been widely applied in preconcentration procedures for determining lead in water samples. Inorganic coprecipitants such as manganese dioxide and aluminum, gallium, cerium(IV), erbium, iron(III), magnesium, samarium and zirconium hydroxides have been widely and successfully used for preconcentrating trace lead ions from different mediums [23, 50] . A fast procedure for separation and preconcentration using ultrasound-assisted coprecipitation with manganese dioxide has recently been proposed for determining lead in environmental samples by ICP OES [18] . Coprecipitation parameters, including concentration of oxidizing agent-KMnO 4 , concentration of MnSO 4 and exposure time to ultrasound irradiation, are discussed. The time required for coprecipitation is about 60 s. Another paper proposed an aluminum hydroxide coprecipitation method for the determination of trace amounts of Cu, Cd and Pb by FAAS in seawater and mineral water after a 125-fold preconcentration [19] . Table 1 lists several methods for determining lead in many samples, using coprecipitation as the separation and preconcentration technique.
Liquid-liquid extraction
Solvent extraction has been one of the most extensively studied and widely applied methods in preconcentration and separation procedures for the determination of trace elements due to its simplicity, convenience, wide scope, etc. In this technique, the metal is distributed between two immiscible liquid phases (usually an aqueous and an organic phase). Metal ion stripping from aqueous solution to organic phase takes place after a complexation reaction. For the analytical measurement, the extracted metal ion can be directly measured in organic extract or a backextraction step is carried out in an aqueous medium, usually acid [51] [52] [53] . Separation and preconcentration procedures using solvent extraction generally result in a high enrichment factor due to the difference between the volumes of aqueous and organic phases. Although this procedure is operated in batch mode, it is time-consuming and produces large amounts of potentially toxic organic solvents as waste. The implementation of methods in continuous mode overcomes these drawbacks. Such unit operations are, instead, carried out in flow injection (FI) and/or sequential injection (SI) systems, which, besides reducing sample and reagent consumption, allow all manipulations to be done automatically in an enclosed environment, thus minimizing the risk of sample contamination. Analytical procedures for lead separation and preconcentration by solvent extraction and determination by atomic spectrometric techniques have been widely applied since these techniques were invented [54] . Procedures in flow injection systems for separation and preconcentration with the application of solvent extraction to determine metals, including lead, are extensively discussed in the literature [55, 56] . Table 2 lists several analytical systems proposed for lead separation and preconcentration by solvent extraction and lead determination using atomic spectrometric techniques.
Solid phase extraction
Solid phase extraction is based on the partition between a liquid (sample matrix) and a solid phase (sorbent). Several sorbents coupled to detection systems have been used for lead preconcentration and determination. The basic approach is the contact of a liquid sample through a column, a flask, a cartridge, a tube or a disk containing an adsorbent that retains lead ions. After this first step, the retained lead is recovered upon elution with an appropriate solvent [68] .
Sorbents used in preconcentration systems for lead determination can be unloaded, loaded or chemically modified with the help of complexing reagents. Unloaded supports are potential collectors of analytes in the form of a single ion or associated with other species such as complexes. The sorbents in this class include activated carbon [69] , natural adsorbents [70] , Amberlite XAD resins [71] [72] [73] [74] [75] , polyethylene [76] and others [77] . Lead can also be complexed with ligands loaded in several supports, such as polyurethane foam [78] [79] [80] , activated carbon [81] and polymeric materials [82] [83] [84] , which make for efficient preconcentration procedures. Many reagents have been used to load these supports and to retain lead ions by complexation. These include: 2-(2 -thiazolylazo)-pcresol (TAC) [85] , 2-propylpiperidine-1-carbodithioate [86] , 2-(2-benzothiazolylazo)-2-p-cresol (BTAC) [80, 87] , pyrogallol red [81] , 1-(2-pyridylazo)-2-naphthol (PAN) [88] , dithizone [89, 90] and 2-(5-bromo-2-pyridylazo)-5-diethyl-aminophenol (5-Br-PADAP) [91] . Supports can also be functionalized with chelating reagents, which render them powerful absorbents for lead preconcentration. Supports such as Amberlite XAD series [92, 93] , silica gel [94] [95] [96] and cellulose [97, 84] have been modified with reagents by several routes. Several methods have been proposed for preconcentrating lead using the solid phase batch extraction procedure (Table 3) .
Many papers have reported on-line preconcentration systems followed by lead determination with several detectors. Selected applications are reported in Table 4 . Sorbents used in FI systems provide rapid sorption and desorption of lead. Organic solvents can be used as eluants, leading to a high sensitivity in some detectors such as FAAS.
Cloud point extraction (CPE)
The cloud point phenomenon occurs when a nonionic or amphoteric surfactant above its critical micellar concentration (CMC) causes the separation of the original solution into two phases when heated at a characteristic temperature called cloud point temperature. Above the cloud point, micelles formed from surfactant molecules act as an organic solvent in liquid-liquid extraction and the analytes are partitioned between the micellar and aqueous phases [135] [136] [137] . Thus, metallic elements can be extracted to a surfactant-rich phase, trapped in the hydrophobic micellar core, in the form of hydrophobic complexes that are formed between the metal ion and an appropriate chelating agent under adequate conditions. An evaluation of the partition coefficients of ligands and complexes involved is, therefore, essential for a quantitative assessment of CPE efficiency [138] . Preconcentration steps based on phase separation by CPE offer a convenient alternative to conventional extraction methods. The cloud point procedure offers many advantages over conventional liquid-liquid extraction procedures, such as high extraction and preconcentration factors, operational safety due to low surfactant flammability, lower toxicity for the analyst and the environment. Moreover, inexpensive surfactants are generally used in this procedure.
The most commonly used binding site in a micelle in CPE is the hydrophobic core. Hence, the generation of a stable chelate is the main step in the majority of developed methods. However, other micelle sites are sometimes used. Under certain conditions, these areas can interact electrostatically with amphiphilic or charged substances such as metallic ions. The use of these others sites is advantageous because no chelating reagents are required in the extraction process. Thus, Luconi and coworkers extracted lead(II) ions using PONPE 7.5 as surfactant without a chelating reagent [139] . This method of extraction is possible because the surfactant forms a cationic complex with [Pb(OH)] + species through their polyoxyethylene groups. Surfactant solutions provide a medium that modifies the reaction ratio, equilibrium position and spectral and analytical parameters. However, the micellar phase obtained after a CPE has physical and chemical characteristics that must be taken into account in the development of an analytical procedure. Borges et al. [140] , for example, determined lead by preconcentration in a micellar phase of Triton X-114 and determination by ETAAS using Ir and Ru as permanent modifiers. This enabled them to reach a higher pyrolysis temperature and thus, eliminate the surfactant matrix before the atomization step without risk of analyte loss, as well as to avoid high background absorption. Table 5 shows some recent CPE applications for lead determination and some analytical characteristics.
Use of knotted reactor in preconcentration system for determination of lead
Over the last 11 years, a number of methods have been reported using knotted reactors (KRs) as well as sorption of metallic complexes or retention of coprecipitates in on-line preconcentration systems. KRs have proved to be an attractive alternative to mini-columns [147, 148] . The mechanisms of sorption of the complex or retention of the coprecipitate result from the action of a secondary flow with some centrifugal force in the stream, generated by changes in the flow's direction caused by the knots, which drive the complex and/or the coprecipitate towards the tubes' walls [149] . The KR has been successfully adapted for flow injection in on-line preconcentration with several spectroscopic techniques for trace metals analysis. Table 6 lists reports on the use of knotted reactors in on-line preconcentration systems for determination of lead in several types of samples.
Conclusions
Considering the poisonous nature of lead and the low concentration of this element in samples, preconcentration procedures have been devised involving separation techniques such as liquid-liquid extraction, solid phase extraction, coprecipitation and cloud point extraction. Nevertheless, each technique has its pros and cons and should therefore be chosen according to the analytical problem. Most of the proposed methods were established using solid phase extraction. In recent years, on-line systems have been preferred.
